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The resistance-nodulation-division type tripartite
pump AcrAB-TolC and its homologs are responsible
for multidrug resistance in Gram-negative bacteria
by expelling a wide variety of toxic substrates. The
three essential components, AcrA, AcrB, and TolC,
must function in concert with each respective bind-
ing partner within the complex. In this study, we
report an 8.2-A˚ resolution cryo-electron microscopy
(cryo-EM) 3D reconstruction of the complex that con-
sists of an AcrAB fusion protein and a chimeric TolC
protein. The pseudoatomic structure derived from
the cryo-EM reconstruction clearly demonstrates a
model only compatible with the adaptor bridging
mechanism, wherein the funnel-like AcrA hexamer
forms an intermeshing cogwheel-like interaction
with the a-barrel tip region of TolC. These observa-
tions provide a structural milestone for understand-
ing multidrug resistance in pathogenic Gram-nega-
tive bacteria, and may also lead to the design of
new antibacterial drugs.
INTRODUCTION
Bacterial resistance to multiple antibiotics is one of the major
threats to public health worldwide. AcrAB-TolC in Escherichia
coli is the best characterized among the tripartite multidrug efflux
pump of Gram-negative bacteria, which is commonly over-
expressed in multidrug-resistant clinical isolates (Morshed
et al., 1995). These efflux pumps comprise three essential com-
ponents, AcrB, TolC, and AcrA, spanning the inner and outer
membranes and the intermembrane periplasmic space, respec-
tively (Lewis, 2000). AcrB, belonging to the resistance-nodula-
tion-division (RND) family of transporters, have a homotrimeric
mushroom-like periplasmic domain (Lewis, 2000; Murakami
et al., 2002). It pumps out diverse substances by using proton272 Structure 24, 272–276, February 2, 2016 ª2016 Elsevier Ltd All rgradient via a functional rotation transport mechanism, alter-
nating three different conformations of the trimer. TolC is a ho-
motrimeric membrane protein consisting of a periplasmic long
a-helical barrel and a transmembrane b-barrel, providing a
conduit across the outer membrane (Koronakis et al., 2000).
The third essential component, AcrA, is called membrane fusion
protein or periplasmic adaptor protein, which is responsible for
the link between AcrB and TolC (Fralick, 1996; Ma et al., 1993).
AcrA has a membrane-proximal b-barrel domain, a lipoyl
domain, and an a-helical hairpin domain. Structural insights
into the binding interface between AcrA and TolC is of major in-
terest because the opening of the periplasmic end of TolC is
induced by AcrA binding, and is hence directly relevant to the
drug efflux mechanism (Koronakis et al., 2000; Xu et al., 2012).
However, the detailed molecular architecture of the fully assem-
bled tripartite complex and the mechanism that governs the
channel opening still remain to be elucidated (Song et al., 2015).
Recently, two independent groups have reported moderate-
resolution structures (15 A˚ and 26 A˚ resolution) of the AcrAB-
TolC complex by cryo-electronmicroscopy (cryo-EM) and nega-
tive-staining electron microscopy (EM) 3D reconstructions,
respectively (Du et al., 2014; Kim et al., 2015). Both groups (Du
et al. and our group) utilized AcrB-AcrA fusion proteins with
different combinations to obtain stable complexes that pro-
duced similar EM maps. Based on the rigid body fitting of the
domain structures into these EM maps, the a-helical barrel of
the AcrA hexamer forms a funnel stem that connects to the
TolC a-barrel, and the lipoyl and b-barrel domains form a flared
funnel mouth that docks onto the periplasmic region of AcrB (Du
et al., 2014; Kim et al., 2015). One of the key features of the com-
plex structures is that both the inner and outer diameter at the
binding interface of AcrA and TolC are significantly dilated. How-
ever, this feature has been interpreted differently because the
secondary structures of the proteins were not clearly resolved
(Du et al., 2014; Kim et al., 2015). Our group proposed an inter-
meshing cogwheel-like interaction between AcrA and TolC,
whereas Du’s group proposed partial insertion of the TolC a-bar-
rel end into the AcrA a-barrel (Du et al., 2014; Kim et al., 2015;
Song et al., 2015). To resolve these opposing models that may
explain channel opening mechanism of the drug efflux pump,ights reserved
Figure 1. 3DReconstruction of theComplex Consisting of the AcrBA
Fusion Protein and the TolC a-Hairpin-Containing MacA Protein, the
MacA-TolC Hybrid
(A) Three representative views of the 3D reconstruction.
(B) Local resolution map of the complex, which is color coded as shown. The
dimensions of the structure are indicated.
For detailed procedures for the structural determination, see Figures S1 and
S2, and Supplemental Experimental Procedures.we conducted cryo-EM analysis and pseudoatomic modeling of
the complex that consists of AcrAB fusion protein and chimeric
TolC protein. The pseudoatomic structure derived from the
cryo-EM reconstruction clearly demonstrates a model only
compatible with the adaptor bridging mechanism, wherein the
funnel-like AcrA hexamer forms an intermeshing cogwheel-like
interaction with the a-barrel tip region of TolC.
RESULTS AND DISCUSSION
Cryo-EM 3D Reconstruction of AcrBA-MacA-TolC
Hybrid Complex
To examine the detailed structure of the interdomain interfaces
of the AcrAB-TolC assembly, we generated a structurally stable
complex that consists of the AcrBA fusion protein and the MacA
protein that contains the TolC a-helical tip region (referred to as
MacA-TolC hybrid in this study) instead of the native TolC (Kim
et al., 2015). The MacA-TolC hybrid protein has previously
been shown to represent the conformation of the TolC a-helical
tip region when TolC binds to AcrA (Kim et al., 2015; Xu et al.,
2011a, 2012). Initially, detergent-stabilized complex containing
the AcrBA fusion protein and the MacA-TolC hybrid protein
was subjected to cryo-EM. However, the particles were heavily
concentrated near the edge of the holes of carbon EM grids,
yielding images insufficient for image processing. The particleStructure 24, 27distribution was tremendously improved when the detergent
was replaced by amphipathic polymer (amphipols) (Figure S1).
In our previous work, the AcrBA fusion protein in complex with
native TolC had been also shown to form stable complex in pres-
ence of detergent, and a low-resolution 3D reconstruction of
stain-embedded complex was obtained (Kim et al., 2015). How-
ever, the complex was highly unstable upon the introduction of
amphipols, and precluded further structural analysis using
cryo-EM (data not shown).
The 2D class averages of amphipol-treated AcrBA-
MacA-TolC hybrid complex exhibited various orientations of
drumstick-shaped structure of the tripartite complex with the
three-fold symmetry along the longest axis, from which an
8.2-A˚ resolution cryo-EM structure was generated using sin-
gle-particle analysis (Figures S1 and S2). From the reconstruc-
tion, the domain architecture and secondary structure elements
of the complex were clearly discernible (Figure 1A). In particular,
the local resolution at the AcrA and TolC interface, the main
focus of this study, was significantly higher than in the rest of
the map (approximately 5–6 A˚ resolution), indicating that the re-
gion is structurally stable and faithfully represented in the recon-
struction (Figure 1B).
Docking of AcrA, ArcB, and TolC Structures into Cryo-
EM Reconstruction
The cryo-EM reconstruction of AcrBA-MacA-TolC hybrid com-
plex displayed essentially the same structural features as the
complex containing native TolC, which was previously solved
at the lower resolutions (Du et al., 2014; Kim et al., 2015). In
the moderate 15-A˚ resolution cryo-EM map (EMDB: EMD-
5915) reported by Du et al. (2014), the a-barrels of the TolC trimer
and AcrA hexamer were shown as a long barrel without defined
densities that correspond to a helices (Figure 2). Significantly
improved resolution of the reconstruction in this study allowed
us to fit the known individual structures of the components into
the map (Mikolosko et al., 2006; Murakami et al., 2002; Xu
et al., 2011b). The fitted crystal structures of the AcrB trimer,
the AcrA hexamer, and the MacA hexamer (or a modeled
MacA-TolC hybrid) provided a good match to the density in the
reconstruction. The quality of this fit is indicated in Figure 3,
where the a-helices of the coiled-coil a-helical domains of
AcrA and MacA sit inside well-defined cylinder-like densities.
These regions represent the AcrA and TolC binding interface
because the tip region of the a hairpins from the MacA-TolC
hybrid is composed of the 24 amino acid residues of the TolC
a-hairpin tip (Figure 3B). More importantly, the 3D reconstruction
shows a dilated feature at the joining region between AcrA and
TolC, which was also evident in the previous low-resolution
structures (Figure 2) (Du et al., 2014; Kim et al., 2015).
To obtain the optimal fit, the connecting loops and the end re-
gion of the a-hairpins from AcrA and the MacA-TolC hybrid were
twisted out by approximately 30, leading to the formation of
bulged, intermeshing cogwheels (Figure S3). The inner diameter
of the intermeshing region is approximately 45 A˚, while the inner
diameter of the a barrels of AcrA and TolC (or MacA) is approx-
imately 30 A˚ (Figures 3C and 3D).When the pseudoatomicmodel
derived from our cryo-EM reconstruction was docked into the
map reported by Du et al. (2014), omitting the MacA structure,
a better structural agreement was observed than in the model2–276, February 2, 2016 ª2016 Elsevier Ltd All rights reserved 273
Figure 2. Comparison between the Cryo-EM Map of the AcrBA-
MacA-TolC Hybrid Complex and the Previously Reported AcrBA-
TolC Cryo-EM Structure
(Left) AcrBA-TolC Cryo-EM structure (previously reported by Du et al., 2014).
(Right) AcrBA-MacA-TolC hybrid complex. The vertical slices are displayed.
Overall, the structures of the twomaps are very similar except for the detergent
shell found in the AcrBA-TolC structure. The pseudoatomic model of the
AcrBA-MacA-TolC hybrid complex (see Figure 3) were fitted to both cryo-EM
maps. Fitting of the MacA was omitted in the AcrBA-TolC structure (left). OM,
outer membrane; IM, inner membrane.
Figure 3. Cryo-EM MAP Fitted with a Pseudoatomic Model of the
Complex
The models for AcrB, AcrA, and MacA are shown in blue, yellow, and red,
respectively. The TolC a-helical tip region of the MacA-TolC hybrid protein is
shown in green.
(A) A pseudoatomic model of the whole complex.
(B–D) Enlarged view of the binding interface between AcrA and TolC (B), and
cross sections (1) (C) and (2) (D). More cross sections and the twisted a-helices
at the intermeshing cogwheel region are shown in Figure S3.that insists on the partial insertion of TolC trimer into AcrA hex-
amer (Figures 2 and S4).
Pseudoatomic Model of AcrA-TolC Interface
To understand how AcrA and TolC assemble at an atomic level,
we further analyzed the binding interface formed by the inter-
meshing cogwheel-like interactions. The interface between
AcrA and TolC appears extensive. The number of cogwheels is
six because of the hexameric assembly of AcrA and the trimeric
assembly of TolC with internal repeats, and the height of the
cogwheel is 15 A˚. Moreover, approximately 1,000 A˚2 was calcu-
lated for the binding area of the two proteins (Figure 4A). Consid-
ering the typical binding area between the antigen-antibody
interaction (40–800 A˚2) (Reverberi and Reverberi, 2007), the
calculated binding area in the pseudoatomic model could ac-
count for the observed strong binding between AcrA and TolC
in the oligomeric forms (Xu et al., 2011a, 2011b).
We next examined the locations of the conserved motifs of
AcrA and TolC, which are important for the binding of the two
proteins. TolC has conserved Val-Gly-Leu/Thr motifs (referred
to as the VGL motif in this study) at the tip region of the coiled-
coil a-hairpin that was proposed to be involved in the direct
interaction with AcrA (Kim et al., 2010; Xu et al., 2012). The peri-
plasmic adaptor proteins, including AcrA, have an RLS motif
(RxxxLxxxxxxS sequence) that is responsible for the direct inter-
action with TolC (Xu et al., 2011a, 2012). In the complex model,274 Structure 24, 272–276, February 2, 2016 ª2016 Elsevier Ltd All rthe TolC VGL motifs are located at the concave region of the
TolC cogwheel and next to the conserved Arg128 and Leu132
of the RLS motif of AcrA (Figure 4B). The serine residue
(Ser139) in the RLSmotif of AcrA is found at the connecting loops
in the coiled-coil a hairpins of both proteins, which is also in the
AcrA-TolC binding interface (Figure 4B). These findings are
consistent with the results from previous biochemical and ge-
netic studies, and thus increase the plausibility of the complex
model based on the cryo-EM map reported in this study.
Our results further suggest that channel opening of TolC is
directly induced by AcrA binding. The residues responsible for
the TolC channel closing (Thr152, Asp153, Tyr362, and Arg367
[Bavro et al., 2008]) are moved to the binding interface with
AcrA in the pseudoatomicmodel in our 3D reconstruction model,
accompanying the disruption of the interactions among them
(Figure 4C). Thus, the close proximity of the TolC residues to
the AcrA cogwheel suggests that the residues for the TolC chan-
nel closing are also involved in the complex formation with AcrA.
These findings indicate that the TolC channel closing and theights reserved
Figure 4. Intermeshing Cogwheel-like Interactions between the
AcrA Hexamer and TolC Trimer
(A) The binding interface between AcrA and TolC, where the regions of the
cryo-EMmap corresponding to AcrA and TolC (or MacA) are colored in yellow
and red, respectively. The intermeshing cogwheel-like interactions are shown.
Slice through the reconstruction shows a continuous conduit. The height of
cogwheels is indicated.
(B) The model at the binding interface. The locations of Arg128, Leu132, and
Ser139 of the AcrA RLS motif, and the VGL motif of TolC are indicated.
(C) A model for TolC channel opening by its AcrA interaction. TolC channel at
the closed state (left) is transited into that at the channel opening state when in
complex with AcrA (right). Ca atoms of the residues for the TolC channel
closing are displayed as spheres (Thr152 [cyan], Asp153 [orange], Tyr362
[salmon], and Arg367 [gray]) (Bavro et al., 2008). TolC and MacA-TolC hybrid
are in ribbon representation, and AcrA is in semi-transparent surface repre-
sentation.TolC-AcrA binding are not mutually compatible, and further sup-
ports that binding of AcrA induces the TolC channel opening.
Conclusion
The ‘‘adaptor wrapping model’’ that insists on partial, or com-
plete, enclosure of TolC by surrounding AcrA has been widely
accepted as the drug efflux mechanism for AcrAB-TolC. How-
ever, this model, based on in vivo cross-linking experiments,
was never supported by definitive structural evidence, althoughStructure 24, 27many researchers attempted to draw a compatible conclusion.
The pseudoatomic structure reported in this study demonstrates
the first detailed picture of the binding between AcrA and TolC.
The model provides direct evidence that supports the adaptor
bridging model involving intermeshing cogwheel-like AcrA-
TolC interaction, which was previously proposed by our group
for both the AcrAB-TolC and Pseudomonas aeruginosa
MexAB-OprM pumps, as opposed to the adaptor wrapping
model (Kim et al., 2015; Xu et al., 2011a, 2012). This model
may be a new starting point for the advancement in the re-
search focusing on the RND-type drug efflux pumps and type I
bacterial secretion systems that share common features with
AcrAB-TolC.
EXPERIMENTAL PROCEDURES
Construction, Expression, and Purification of the Efflux Pump
Assembly
The construction and purification of the AcrBA fusion protein were described
previously (designated AcrB-TM#5-AcrA-AcrA in Kim et al., 2015). The con-
struction and purification of the MacA-TolC hybrid protein were described
previously (designated MacA-TolCa hybrid-dimer in Xu et al., 2010). The
expression and purification of the AcrBA fusion protein-MacA-TolC hybrid pro-
tein followed the method previously described (Kim et al., 2015). Prior to size-
exclusion chromatography, the complexes were trapped by adding amphipol
(A8-35; Affymetrix) to detergent-solubilized complex proteins in a 1:5 (w/w)
ratio of protein/amphipol and then incubated on ice for 1 hr. The free detergent
was removed by incubating with BioBeads (Bio-Rad) (20 g of wet beads per g
of detergent) for 2 hr at 4C with gentle agitation. The supernatant was then
applied to Superose 6 10/30 (GE Healthcare) on 20 mM HEPES buffer
(pH 7.5) containing 150 mM NaCl and 2 mM 2-mercaptoethanol. The complex
was pooled and then concentrated to 1 mg/ml using a Centricon concentrator
(Sartorius).
Cryoelectron Microscopy
5 ml of the sample at 20 mM was loaded onto a freshly glow-discharged holey
carbon EM grid (Quantifoil R1.2/1.3; Quantifoil Micro Tools). Sample vitrifica-
tion was performed semi-automatically using a Vitrobot Mark IV (FEI) at 4C
and 90%–100% relative humidity. Amphipol-treated AcrBA fusion protein-
MacA-TolC hybrid in 20 mM HEPES (pH 7.5), 150 mM NaCl, and 2 mM b-mer-
captoethanol was subjected to cryo-EM analysis (Figure S1). Vitrified sample
was imaged under low-dose conditions using a Tecnai Arctica transmission
electron microscope (FEI) operated at 200 kV acceleration voltage. Images
were recorded using a Falcon II direct electron detector (FEI) with the under-
focus value between 1.5 and 3.5 mm, at a calibrated magnification of
71,8953, which corresponds to 1.947 A˚/pixel at the specimen level.
Image Processing and 3D Reconstruction
Using the e2projectmanager.py routine in the EMAN2 software suite (Tang
et al., 2007), micrographs that exhibit minimal astigmatism and drift were
selected by examining the power spectrum. Defocus parameters of individual
micrographs were estimated using CTFFIND3 (Mindell and Grigorieff, 2003).
Subsequent 2D image processing and 3D reconstruction were carried out us-
ing the RELION software suite (Scheres, 2012) (Supplemental Experimental
Procedures). From the dataset of 595 micrographs, 51,771 particles
were automatically picked, and the particle images were extracted into
2403 240 pixel boxes, followed by 2D class averaging to exclude the particles
that belong to the classes that exhibit poor structural features. The resulting set
of particle images were subjected to 3D classification, using 3D reconstruction
of negatively stained AcrBA-TolC-MacA hybrid complex that had been previ-
ously reported as a reference model (EMDB: EMD-6318). Final refinement was
performed by imposing C3 symmetry and using the 3D map from the 3D clas-
sification as a reference. The total number of particles that contributed to the
final refinement was 20,402. The resolution of the reconstruction was 8.2 A˚, as
estimated based on 0.143 Fourier shell correlation criterion (Scheres and
Chen, 2012).2–276, February 2, 2016 ª2016 Elsevier Ltd All rights reserved 275
Docking of Crystal Structures into Cryo-EM Map
An AcrB trimer structure (PDB: 1IWG) that was previously determined was
fitted to the 3D map using the program PHENIX. To construct the AcrA hex-
amer model, we first used the partial AcrA hexamer model that was previously
reported and contains the b-barrel domain, lipoyl domain, and a-hairpin
domain (Kim et al., 2015; Xu et al., 2011a). The AcrA membrane-proximal
domain (residues 26–52 and 298–397) derived from the MexA structure
(PDB: 2V4D; residues 13–27 and 264–339) (Symmons et al., 2009) was
attached to the partial AcrA hexamer model as a template of the MacA hex-
amer crystal structure (PDB: 4DK0) (Xu et al., 2012). The MacA-TolC hybrid
was constructed as described previously (Xu et al., 2011b). To dock the struc-
tures into the EM reconstructions, each domain of the AcrA hexamer and fully
open TolC (or the MacA-TolC hybrid) structures were regarded as individual
rigid bodies. These three rigid bodies were automatically fitted into the EM
map through sequential fitting using the program UCSF Chimera (Goddard
et al., 2007) and PHENIX (Adams et al., 2002), and then manually adjusted
into the map using the program Coot (Emsley and Cowtan, 2004).
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